Abstract A novel method is presented to measure the overall biofilm respiration rate in a submerged fixed bed reactor. The method, named "double gassing-out" is based on the measurement of the oxygen uptake rate under two different conditions: (i) replacing the air flow rate by nitrogen in the biological reactor, ensuring the conservation of the same hydraulic conditions and (ii) measuring the oxygen displacement rate by nitrogen in an identical reactor design with no microorganisms. The difference between these measurements gives the overall biofilm respiration rate. Results obtained in a nitrifying fixed bed reactor are presented, compared to classical techniques and discussed.
Introduction
Respirometry is the measurement of the respiration rate and is defined as the amount of oxygen per unit of volume and time that is consumed by microorganisms. Respirometry is a tool frequently used for the characterization of wastewater and determination of kinetics parameters (Brouwer et al., 1998; Drtil et al., 1993; Kong et al., 1996) .
Although several respirometric methods are commonly used, with the exception of the pulse injection technique (Villaverde et al., 2000) , none of them have been used in the submerged fixed film reactor. The main reason is probably that classical methods, such as the dynamic method, do not ensure the same hydraulic conditions into the reactor, while the test is carried out. This paper presents an alternative method to measure the respiration rate in a submerged fixed bed reactor.
The method, named "double gassing-out", is based on the measurement of the oxygen uptake rate under two different conditions: (i) replacing the air flow rate by nitrogen, ensuring the conservation of the same hydraulic conditions; and (ii) measuring the oxygen displacement rate by nitrogen in an identical reactor with no microorganisms. The first measurement can be described by Eq. (1) in which, the decrease of dissolved oxygen concentration is due to the respiration rate (qO 2 X) and the oxygen displacement by nitrogen (ODR). The second measurement, performed in the same reactor design, under the same conditions but in the absence of microorganisms, gives the oxygen displacement rate by nitrogen (ODR, Eq. (2)). The difference between both measurements gives the overall microbial respiration rate. The validity of this method has been investigated in a model nitrifying biofilm reactor and compared to classical methods.
in which: , 1995) . The whole system was operated at constant room temperature (22 ± 2°C). According to the "double gassing-out" technique, the oxygen uptake rates were determined in both reactors after replacing the air supply by gaseous nitrogen, at the same flow rate. In the abiotic reactor, the oxygen uptake rates measured correspond to the oxygen displacement rate by nitrogen (ODR, Eq. (1)) while in the biological reactor, the oxygen uptake rates correspond to both, respiration rate and oxygen displacement rate (Eq. (2)). The respiration rate in the biological reactor was determined from the difference between these two oxygen uptake rates. Oxygen uptake rate measurements were also done in the biological reactor, using two previously reported techniques: (i) the dynamic method, described by Gearney et al. (2001) ; and (ii) the direct method, based on the stoichiometric process equation and the measured nitrite and nitrate production rate (Garrido et al., 1997) .
Additionally, the Peclet number of the columns were determined according to the δ-Dirac tracer technique using lithium chloride as the tracer (Séguret et al., 2000) . Lithium concentration was determined by flame photometry (Carl Zeiss, Germany).
Results
The first column (biological reactor) was started-up as a biological nitrifying reactor and reached a steady state after 80 days of continuous operation (loading rate of 0.86 kgN-NH 4 /m 3 .d, nitrification rate of 0.80 kgN-NH 4 /m 3 .d, removal efficiency 97.6%). At day 90, the respirometric experiments were started. The second column (abiotic reactor) was started 12 h before the respirometric experiments, in order to ensure the absence of any significant amount of microorganism. The first experiment concerned the determination of the hydraulic characteristics of the reactors. The results showed that the Peclet number in the biological reactor and in the abiotic reactor were 2.9 ± 0.3 and 1.8 ± 0.2, respectively. These results confirm that both reactors showed a similar CSTR-type response and it is most likely that both presented the same oxygen displacement rate (ODR).
The second experiment concerned the determination of the oxygen uptake rate. Figure 2 presents typical DO decreases obtained in both reactors. The results obtained are also presented in Table 1 , in terms of respiration rate, jointly with the results obtained from classical methods (i.e. the dynamic method and the direct method).
Discussion
According to the results obtained from the different techniques used, a deviation of 16-27% was observed ( Table 1) . The difference between the results obtained from the "double gassing-out" and the dynamic methods (16%) could be related to the effect of turbulence intensity. Indeed, the "double gassing-out" technique is based on the conservation of the reactor hydrodynamic while the dynamic method does not ensure the same turbulence intensity. This is in accordance with the literature. As reported by Kugaprasatham et al. (1991) turbulent diffusion of oxygen in the vicinity of the biofilm is of major importance and according to Siegrist and Gujer (1985) , the oxygen uptake rate in most biofilm systems is mass transfer limited. The results presented in this paper confirm therefore that the hydraulic conditions around the biofilm could be an important factor affecting the measurement of the respiration rate.
The results obtained from the direct method proposed by Garrido et al. (1997) were about 27% inferior to the results obtained from the "double gassing-out" technique. This difference could be explained by several factors: (i) the direct method is based on a theoretical stoichiometric equation (ammonia and nitrite oxidation) which could differ from the actual process stoichiometric; and (ii) the direct method is based on nitrite and nitrate production rate. The direct method is therefore limited to the accuracy of several parameters.
Another method based on substrate pulse injection while maintaining the gas flow rate, could also be of interest (Gearney et al., 2001) . However, this method already used in fixed bed systems (Villaverde et al., 2000) , is time demanding and presents a risk of substrate or product inhibition. The "double gassing-out" technique therefore presents several advantages over more classical methods. The main limitation of the "double gassing-out" technique is nevertheless the replacement of the air flow rate by gaseous nitrogen and the need for an abiotic reactor. The application of the "double gassing-out" technique in large-scale reactors would be therefore difficult.
Conclusions
The method proposed in this paper appeared to be a potential alternative to more classical techniques for the measurement of respiration rate in submerged fixed bed reactors. It ensures the preservation of the system hydraulics, does not require the injection of substrate pulses and is applicable to any type of biological fixed film reactor. However, this technique requires simultaneous measurements in an abiotic reactor and the substitution of the air flow rate by gaseous nitrogen.
